The posterior parietal cortex (PPC) plays a role in spatial updating of goals for eye and arm movements across saccades, but less is known about its role in updating perceptual memory. We reported previously that transsaccadic memory has a capacity for storing the orientations of three to four Gabor patches either within a single fixation (fixation task) or between separate fixations (saccade task). Here, we tested the role of the PPC in transsaccadic memory in eight subjects by simultaneously applying single-pulse transcranial magnetic stimulation (TMS) over the right and left PPC, over several control sites, and comparing these to behavioral controls with no TMS. In TMS trials, we randomly delivered pulses at one of three different time intervals around the time of the saccade, or at an equivalent time in the fixation task. Controls confirmed that subjects could normally retain at least three visual features. TMS over the left PPC and a control site had no significant effect on this performance. However, TMS over the right PPC disrupted memory performance in both tasks. This TMS-induced effect was most disruptive in the saccade task, in particular when stimulation coincided more closely with saccade timing. Here, the capacity to compare presaccadic and postsaccadic features was reduced to one object, as expected if the spatial aspect of memory was disrupted. This finding suggests that right PPC plays a role in the spatial processing involved in transsaccadic memory of visual features. We propose that this process uses saccade-related feedback signals similar to those observed in spatial updating.
Introduction
Humans make three to five saccades per second (Rayner, 1998) , so perception of a unified visual world must be constructed from information integrated across multiple fixations, referred to as transsaccadic integration (Irwin, 1996) . For the transsaccadic integration of visual information to give rise to a stable representation of the visual world the visual system must retain visual information across saccades. This process of retaining visual information across saccades is transsaccadic memory. Various studies have shown that transsaccadic memory has a capacity of three to four items (Irwin and Andrews, 1996; Irwin and Gordon, 1998; Prime et al., 2007b) ; similar to visual working memory (Luck and Vogel, 1997; Vogel et al., 2001 ). However, transsaccadic memory involves additional computational demands the visual system must solve, which distinguishes itself from visual working memory, such as the egocentric measures of saccade metrics so that the spatial information of objects retained in transsaccadic memory is updated in accordance to the saccade (Hayhoe et al., 1991; Prime et al., 2006) . Relatively little is known about the neural mechanisms that integrate these saccade-related signals into the algorithms for object and scene recognition.
It seems likely that transsaccadic perception and memory would involve both the ventral stream of vision, which terminates in temporal cortex and is thought to mediate recognition, and the dorsal stream, which terminates in posterior parietal cortex (PPC) and is thought to mediate spatial perception and visuomotor control (Ungerleider and Mishkin, 1982; Goodale and Milner, 1992) . The question of transsaccadic integration thus becomes equivalent to the general question of how information from these two streams is integrated. One possibility is that they communicate through lateral connections (Webster et al., 1994; Zhong and Rockland, 2003) . Another possibility is that information from both streams converges in the frontal cortex (Courtney at al, 1996; Miller at al, 1996; Constantinidis and Procyk, 2004) . We have hypothesized that information from the dorsal and ventral streams is fed backwards through re-entrant pathways, to be integrated in earlier visual areas (Prime et al., 2006) .
The PPC has been shown previously to be part of a cortical network for spatial working memory (Jonides et al., 1993; Smith et al., 1995) , but its involvement in transsaccadic memory of visual features has not been demonstrated. Many studies have shown that lateral intraparietal cortex (LIP; equivalent to the parietal eye fields in the human) is involved in the control of saccadic eye movements (for review, see Pierrot-Deseilligny and Müri, 1997) and in the integration of retinal and extraretinal signals (Andersen et al., 1985; Bremmer et al., 1997; Genovesio et al., 2007) . Moreover, LIP is involved in the spatial updating of object positions and saccade goals during eye movements; a process called remapping (Duhamel et al., 1992; Colby and Goldberg, 1999; Medendorp et al., 2003; Merriam et al., 2003) . Here, we hypothesized that the same spatial updating mechanism is "borrowed" by the perception system to integrate visual features across saccades.
We tested this framework by delivering single-pulse transcranial magnetic stimulation (TMS) to the human PPC. TMS over the human PPC disrupts perisaccadic visual stability (Chang and Ro, 2007) , reduces sensitivity to visual change (Beck et al., 2006) , and disrupts simple spatial updating (Morris et al., 2007) . However, to our knowledge, no study has explicitly used TMS in a task involving transsaccadic memory of visual features. Here, we combine TMS with our previous psychophysical test of memory capacity (Prime et al., 2007b) to show that PPC is indeed causally involved in such transsaccadic memory.
Materials and Methods
Subjects. Eight subjects (five females and three males; ages ranged between 20 and 32 except for one subject who was age 62; median age was 25.5) participated in this study after providing written informed consent. All participants were in good health and had normal or corrected-tonormal visual acuity and, according to a self-report, without any known contraindications to TMS. All experimental procedures received ethical approval by York Human Participants Review Subcommittee.
Apparatus. Subjects sat in a dark room with their head immobilized by a personalized dental impression bar. A customized computer network system of three microprocessor personal computers was used for both stimulus presentation and data recording. The experimental device was the same for all conditions and consisted of a video projector that backprojected visual stimuli onto a 1.9 ϫ 1.4 m display screen, spanning 124.5°visual angle horizontally by 108.9°visual angle vertically. Subjects sat 50 cm in front of the screen. The screen was unlit (black) with a luminance level of 0.015 cd/m 2 . Eye position was monitored using a head-mounted eye-tracking system (Applied Science Laboratories). The two-dimensional coordinates of eye movements were recorded at a sampling rate of 360 Hz and stored on hard disk for off-line analysis. Saccades continuously were detected using a velocity criterion of 36°per second and eye position criterion of 1.5°visual angle around the fixation cross [similar to that used by Merriam et al. (2003) and Niemeier et al. (2003) ]. In both the saccade and fixation tasks, eye position was monitored in real time by custom-written software that only accepted trials for a predetermined "tolerance" window of performance for both eye fixations and movements. In particular, for a trial to be successful, subjects were required to maintain eye fixations within a 1.5°window around the fixation cross and, in the case of the saccade task, begin the saccade within 1 s after the onset of the second fixation cross and then end the saccade at the correct, specified fixation location. If any of these criteria were not met, the trial was aborted, automatically removed from the data, and randomly repeated in the presentation sequence. Auditory tones provided feedback for whether the trial was successful or aborted.
Localization of brain sites and TMS protocol. Single-pulse TMS was delivered using a MagStim 200 magnetic stimulator and a 70 mm figureof-eight coil to the parietal cortex and right motor cortex. The locus of TMS stimulation has a spatial resolution of ϳ0.5-1 cm (Brasil-Neto et al., 1992; Wilson et al., 1993) with an estimated penetration depth of ϳ2 cm (Epstein et al., 1990; Rudiak and Marg, 1994) , reflecting stimulation of the underlying cortex near the gray-white junction (Epstein et al., 1990) . To localize left and right parietal areas, we placed the TMS coil over P3 and P4, respectively, according to the 10 -20 electroencephalogram (EEG) coordinate system (Herwig et al., 2003; Okamoto et al., 2004) , using commercially available 10 -20 EEG stretch caps for 20 channels (Electro-Cap International). We then confirmed test sites a posteriori with structural magnetic resonance imaging (MRI) by way of Brain Voyager 4.6 software (Brain Innovation) using vitamin E capsules as fiduciary markers of stimulated skull positions (Fig. 1) . Specifically, test sites (P3 and P4) overlay left and right dorsal PPC, respectively, and included the intraparietal sulcus, Brodmann's area 19, and the adjacent cortex in the superior and inferior parietal lobule, and are consonant with cortical regions underlying these electrode positions reported previously (Herwig et al., 2003; Okamoto et al., 2004; Vesia et al., 2006) . Accordingly, these parietal stimulation sites could correspond to the putative human parietal eye fields (cf. Ryan et al., 2006) , a region (or regions) thought to be homologous to macaque LIP, identified in previous human brain imaging studies (for review, see Culham and Valyear, 2006) . Two additional control conditions were conducted to yield estimates of nonspecific effects of TMS. First, we assessed performance after stimulation of the right motor cortex (right M1). We localized the motor cortex by placing the coil over the right-hand area and searched for the specific region that produced a visible contraction of the first dorsal interosseous in five of the 10 trials at the minimally required stimulator intensity (resting motor threshold). Second, we conducted sham trials in which the coil was held close to the subject's skull, but angled away so that no current was induced in the brain for both left (P3) and right (P4) PPC. Stimulation conditions were performed on separate days to minimize fatigue and TMS exposure for each session. Site of stimulation (left PPC, right PPC, right motor cortex) and sham condition (left parietal sham, right parietal sham) order was counterbalanced across subjects over two Figure 1 . Location of individual parietal TMS sites for one representative subject. The stimulation site for the right posterior parietal cortex is shown with the position of high-intensity signal markers placed on the subject's skull (P4). Red bars indicate the position of the TMS coil. The coil was placed tangential to the skull with the handle pointing backward parallel to the midline. This produces a current flowing in a posterior-anterior direction in the underlying brain areas. Stimulation sites were verified a posteriori using the MRI of the individual subject. The anatomical site of stimulation for the right PPC (shown here) is indicated by the line intersection in the transverse (TRA), coronal (COR), and sagittal (SAG) sections of T1-weighted MRI.
experimental sessions. Last, we included a "No TMS" baseline condition in which subjects received no stimulation as they performed the task.
Custom software triggered the magnetic stimulator at 100, 200, or 300 ms after the onset of the saccade go signal for the stimulation conditions only (see below, Experimental procedure). As a result of the normal latency distribution of saccades, in the saccade task this placed the timing of the TMS pulse either ϳ100 ms before, at approximately the same time as, or at ϳ100 ms after the initiation of the saccade. These three discrete stimulation times were chosen based on a preliminary experiment (data not shown) investigating the timing of the contribution of the cortical areas of interest for our experimental transsaccadic memory task ("causal chronometry"). In this preliminary experiment, methods similar to those described here were used with four subjects with the TMS pulse at 100, 200, and 300 ms before the stimulus onset and 100, 200, and 300 ms after the stimulus onset. We observed that the largest TMS-induced effects occurred at the times used in the current study.
It has been suggested previously that motor threshold is not an appropriate measure of individual magnetic stimulus intensity in nonmotor areas of the brain because of the lack of correlation between motor and phosphene thresholds in healthy normal subjects (Stewart et al., 2001; Boroojerdi et al., 2002) . Accordingly, the intensity of magnetic stimulation was fixed to 60% of the stimulator output (Beckers and Zeki, 1995; Corthout et al., 1999; Lewald et al., 2002; Dambeck et al., 2006; Vesia et al., 2006) . All stimulation parameters were in accordance with the safety guidelines for magnetic stimulation (Wassermann, 1998) . Earplugs were provided to dampen the noise associated with the discharge from the TMS coil. None of the subjects reported any undesirable side effects as a result of the stimulation.
Experimental procedure. The experimental procedure is similar to one previously described in detail previously (Prime et al., 2007b) , but used TMS to investigate the putative neural mechanisms underlying transsaccadic memory. Briefly, as illustrated in Figure 2 , the transaccadic memory task required subjects to compare the orientation of a postsaccadic probe relative to the orientation of a presaccadic target at the same location, usually among similar-looking presaccadic distracters. When distracters were included in the target display, subjects did not know which presaccadic item was the target and which items were distracters and, thus, were required to remember the details of as many of the presaccadic items of the target display as possible.
During saccade task trials (Fig. 2 A) , subjects fixated a cross (subtended 1.5°) randomly presented at one of 29 possible spatial locations within a display area spanning 18°ϫ 18°. On fixation, subjects were briefly presented (100 ms) with a target display. The target display consisted of either a solitary target or a target accompanied by a random number of distracters, ranging from one to five, or seven. In other words, the total set size of the target display ranged from one to six, or eight items (target ϩ distracters). Spatial locations for all items in the target display (i.e., target and distracters) were generated randomly within the display area. None of the target display items spatially overlapped with the fixation cross.
All targets and distracters were Gabor-like patches (2°in diameter) of alternating black and white bars. The gratings' mean luminance was 17 cd/m 2 and the spatial frequency was 2 cycles per degree of visual angle. The orientation of the target and each distracter in the target display was selected randomly from six possible orientations: 35°, 45°, or 55°clock-wise or counterclockwise from vertical.
A mask, a white uniform field (i.e., 33.61 cd/m 2 ) covering the entire screen, flashed briefly for 150 ms to reduce the possibility of visual persistence immediately after the target display. In previous control experiments, we showed that this mask has no effect on spatial performance in normal transsaccadic memory (Prime et al., 2006) . We included the mask to ensure that subjects were not relying on any afterimage of the target display to aid performance. After the mask, the fixation cross reappeared in a new randomly determined spatial location within the display area. Subjects then made a saccadic eye movement to this new location of the fixation cross. The delivery of the TMS pulse was time locked to the onset of the saccade-go signal (i.e., the reappearance of the fixation cross). The TMS pulse was delivered after the onset of the saccade go signal at one of three possible time intervals (100, 200, or 300 ms). These time intervals, including the no-stimulation condition, were randomly interleaved within each block of trials for each site of stimulation (left parietal TMS, right parietal TMS, right motor cortex) and sham conditions (left parietal sham, right parietal sham).
Figure 2.
General experimental paradigm for our study. The rectangles of each panel show the temporal order during a typical trial for presentation of fixation crosses and the visual stimuli. A, The saccade task. Subjects fixated on the fixation cross while the target display was briefly presented (100 ms) containing either a lone target or a target accompanied by a random number of distracters (i.e., total set size of target ϩ distracters was 1-6 or 8). After the mask (150 ms), subjects moved their eyes to the new location of fixation cross. In TMS trials, TMS pulses were time locked to the onset of the second fixation cross. Pulses were delivered either 100, 200, or 300 ms after the second fixation cross was presented. After the saccade, a probe was presented (100 ms) at the same location as the target. Subjects were required to indicate how the probe's orientation differed relative to the target's orientation. B, The fixation task is the same as the saccade task except that subjects were required to maintain eye fixation through target display and probe presentations. The fixation cross remained fixed in the same position throughout the trial. Again, TMS pulses were delivered at one of the three time intervals relative to the onset of the second fixation cross in TMS trials.
After subjects refixated on the fixation cross and a brief delay (200 ms), a probe was flashed for 100 ms in the same location as the presaccadic target followed by a second mask. The rationale behind the brief delay before presenting the probe was to avoid the common visual distortions that occur around the time of a saccade such as saccadic compression (Lappe et al., 2000) . The probe resembled the target except that the probe's line orientation differed by a predetermined amount, either 9.9°c lockwise or counterclockwise from the position of the originally displayed target. This probe/target difference corresponded to the average discrimination threshold for 80% of correct responses across subjects when comparing the orientation of only two targets separated by a saccade, as shown in our previous study (Prime et al., 2007a) .
Subjects then judged whether the lines of the probe were clockwise or counterclockwise to the target's lines by a two alternative forced-choice task. Subjects' used their dominant right hand to report the orientation of the target by pressing the left mouse button with the index finger for counterclockwise target orientations and the right mouse button with the middle finger for clockwise target orientations. Subjects were instructed to make their best estimate if uncertain about the orientation of the target.
We also included a fixation task ( Fig. 2 B) that was identical to the saccade task aside from the fixation cross not changing location after presentation of the target display. In this way, subjects maintained eye fixation throughout the trial. As a result, targets and probes are presented within a single fixation. TMS pulses were delivered at the same intervals of time as in the saccade task. To ensure the stimulus onset asynchrony (SOA) of the target display and the probe were the same between the two tasks, saccade time and latencies for saccade trials only were recorded in real time and used to deliver the subsequent SOA for fixation trials. For this reason, the blocks were designed so saccade trials always preceded an equal number of fixation trials. A total of 4200 trials were performed over multiple weekly sessions (two blocks of 420 trials for each TMS stimulation site including sham conditions). Figure 3 shows the mean percentage correct responses of the No TMS trials across all subjects for both the saccade and fixation tasks as a function of set size. These data replicated our earlier results (Prime et al., 2007b) . Specifically, subjects' accuracy in the saccade task was the same as in the fixation task, as revealed by a Kolmogorov-Smirnov (KS) goodness-of-fit test (KS ϭ 0.54; p ϭ 0.94). A statistical estimate of the numerical capacity of this memory system is provided below; here, this No TMS data will be used as a baseline in which to compare the TMS conditions in the subsequent analyses. We also conducted a series of regression analyses to determine whether either saccade or fixation task performance was related to the target's spatial position or retinal eccentricity. The multiple regression between percentage correct and the target's vertical and horizontal spatial coordinates were not significant in either the fixation task (R 2 ϭ 0.09; F (2,26) ϭ 1.35; p ϭ 0.28) or the saccade task (R 2 ϭ 0.13; F (2,26) ϭ 0.23; p ϭ 0.79). Likewise, regression analyses on percentage correct and target eccentricity yielded no significant results in either the fixation task (r 2 ϭ Ϫ0.07; F (1,40) ϭ 0.23; p ϭ 0.64) or the saccade task (r 2 ϭ Ϫ0.02; F (1,40) ϭ 0.17; p ϭ 0.68). Figure 4 shows our main results of mean percentage correct responses across all subjects when we stimulated either the left or right parietal cortices in both saccade and fixation tasks for the three different TMS time intervals. Results of left parietal TMS are shown in Figure 4 A and of right parietal TMS in Figure 4 B. The top panels show performance from the fixation task and bottom panels show performance from the saccade task. The mean latency (ϮSD) for saccades in the left and right PPC TMS conditions were 238.35 ms (Ϯ49.1 ms) and 220.35 ms (Ϯ55.4 ms) respectively, confirming that the 200 ms TMS pulse coincided most closely with saccade onset whereas the 100 and 300 ms pulses occurred just before and immediately after saccade onset. Each colored data curve in Figure 4 represents a different TMS time interval. The baseline data from the No TMS condition shown in Figure 3 were replotted here as the black curves for comparison. Right parietal TMS yielded quite different results compared with baseline (Fig. 4 B) . Looking at the fixation task data first (Fig.  4 B, top) , right parietal TMS elicited more errors at the 200 ms time interval (KS ϭ 1.7; p Ͻ 0.01) compared with baseline performance. Although some points of the 100 ms curve were lower than the baseline curve, we found no statistical differences (KS ϭ 1.04; p ϭ 0.23). Likewise, right parietal TMS at 300 ms during the fixation task did not yield any differences compared with baseline (KS ϭ 0.85; p ϭ 0.47).
Results

Baseline performance: No TMS
Left and right parietal TMS
The largest TMS-induced effects were found when stimulating the right parietal in the saccade task. As shown by the bottom panel of Figure 4 B, mean percentage correct in the saccade task was generally lower for all three TMS intervals compared with baseline. These findings were confirmed by separate goodnessof-fit analyses comparing each TMS time interval to baseline: 100 ms (KS ϭ 1.42; p ϭ 0.04), 200 ms (KS ϭ 2.55; p Ͻ 0.01), and 300 ms (KS ϭ 2.27; p Ͻ 0.01). As done with the baseline No TMS condition, we conducted a series of regression analyses to determine whether performance in either task during 200 ms right parietal TMS, where there is the largest TMS-induced effect, was related to spatial position or retinal eccentricity of the target. As in the baseline No TMS condition, we found no significant relationships for target spatial position in either the fixation task (R 2 ϭ 0.19; F (2,26) ϭ 0.5; p ϭ 0.61) or the saccade task (R 2 ϭ 0.07; F (2,26) ϭ 0.98; p ϭ 0.39). Similarly, we did not find a significant relationship for target eccentricity in either the fixation task (r 2 ϭ Ϫ0.12; F (1,40) ϭ 0.27; p ϭ 0.6) or the saccade task (r 2 ϭ 0.03; F (1,40) ϭ 0.04; p ϭ 0.85). Thus, the right parietal TMS effect did not appear to be specific with respect to target location in space or eye-centered coordinates.
We also sought to determine whether the differences we found between the data curves in right parietal TMS condition relative Performance in these tasks was statistically the same according to a goodness-of-fit analysis. These data replicated our previous findings (Prime et al., 2007b) . Error bars represent 1 SE.
to baseline were partially caused by a shift in their intercepts. Because one cannot assume that these curves are linear (Prime et al., 2007) , we took instead the percentage correct at a set size of one item. Separately for each task, we compared percentage correct responses among the different TMS conditions and baseline No TMS condition when the set size was one item in both tasks. In the fixation task, we found no significant differences among the No TMS (mean, 82%; SD, Ϯ9%) and the TMS conditions, 100 ms TMS (mean, 92%; SD, Ϯ14%), 200 ms TMS (mean, 72%; SD, Ϯ21%), and 300 ms TMS (mean, 83%; SD, Ϯ19%), when there was a set size of one item (F (3,28) ϭ 1.85; p ϭ 0.16). Conversely, performance among the No TMS (mean, 83%; SD, Ϯ10%) and the TMS conditions, 100 ms TMS (mean, 76%; SD, Ϯ12%), 200 ms TMS (mean, 74%; SD, Ϯ13%), and 300 ms TMS (mean, 78%; SD, Ϯ16%), at one set size was significant in the saccade task (F (3,28) ϭ 2.88; p ϭ 0.04). Planned comparisons between the saccade task's baseline condition and each TMS time interval yielded a significant difference between baseline and 200 ms TMS (t (14) ϭ 3.95; p ϭ 0.05) but not for baseline and 100 ms TMS (t (14) ϭ 1.81; p ϭ 0.09) and baseline and 300 ms TMS (t (14) ϭ 1.74; p ϭ 0.11). These findings suggest that at least part of the results of the 200 ms TMS right parietal condition in the saccade task can be attributed to a significant downward shift of the intercept compared with baseline. However, there was also a complex effect on the rate at which performance dropped off for higher object numbers. These separate points will be addressed in more detail below, when we fit models to the data (Fig. 6) .
In general, left parietal TMS curves show similar trends as No TMS performance in both tasks (Fig. 4 A) . This was confirmed by separate goodness-of-fit analyses comparing the baseline No TMS condition to each curve representing the different TMS time intervals in the fixation task (100 ms, KS ϭ 0.95, p ϭ 0.33; 200 ms, KS ϭ 1.32, p ϭ 0.06; 300 ms, KS ϭ 1.23, p ϭ 0.10) and the saccade task (100 ms, KS ϭ 0.66, p ϭ 0.77; 200 ms, KS ϭ 1.04, p ϭ 0.23; 300 ms, KS ϭ 1.13, p ϭ 0.15). Together, our results so far show that our subjects' accuracy was disrupted when TMS was delivered to the right -but not left -parietal cortex, particularly in the saccade task where subjects are required to rely on transsaccadic memory.
Control site right M1 and sham conditions
To rule out any nonspecific TMS-induced effect, we included a right motor cortex (right M1) TMS condition and two sham conditions, one left parietal sham and the other right parietal sham. For these conditions, we conducted the same goodness-offit tests as we did previously with the right and left parietal TMS conditions. None of TMS intervals in the right M1 TMS condition yielded any significant differences relative to baseline. Specifically, in the fixation task mean percentage correct was the same as baseline for TMS intervals at 100 ms (KS ϭ 0.11; p ϭ 0.88), 200 ms (KS ϭ 0.13; p ϭ 0.75), and 300 ms (KS ϭ 0.17; p ϭ 0.3). Similarly, the right M1 TMS mean percentage correct in the saccade task was the same as baseline for TMS intervals at 100 ms (KS ϭ 0.04; p ϭ 0.95), 200 ms (KS ϭ 0.19; p ϭ 0.21), and 300 ms (KS ϭ 0.14; p ϭ 0.58).
For each sham condition, we pooled the data from the different TMS time intervals together, because no magnetic stimulation was actually delivered and comparisons between the TMS time intervals within each sham condition in both tasks confirmed that there were no statistical differences (different TMS time intervals in left sham condition and fixation task, F (2,21) ϭ 0.88, p ϭ 0.43; in left sham condition and saccade task, F (2,21) ϭ 0.49, p ϭ 0.62; in right sham condition and fixation task, F (2,21) ϭ 0.16, p ϭ 0.84; and in right sham condition and saccade task, F (2,21) ϭ 1.03, p ϭ 0.38). Other than simplifying the data analysis, the benefit of collapsing across TMS intervals would be to increase statistical power when comparing the sham conditions to baseline. Even so, left sham condition was found the same as baseline in both the fixation task (KS ϭ 0.54; p ϭ 0.94) and the saccade task (KS ϭ 0.8; p ϭ 0.54). Likewise, right sham data were the same as baseline in the fixation task (KS ϭ 0.95; p ϭ 0.33) and the saccade task (KS ϭ 0.76; p ϭ 0.62). In sum, no differences were found between the baseline condition (i.e., No TMS) and the control conditions. These results suggest that the effect of TMS on task performance by increasing subjects' errors was specific to the right parietal cortex.
Magnitude of the TMS effect
The magnitude of the TMS-induced effect on our subjects' accuracy is shown in Figure 5 . The bar graphs in Figure 5 depict the mean change-correct, the differences of the mean percentages of correct responses between the No TMS condition and right parietal TMS (Fig. 5A) 
, right M1 TMS ( B), and right sham ( C).
For brevity, Figure 5 shows only data for the hemisphere that showed significant effects (Fig. 4) , but no differences were found between the right and left hemisphere sham conditions in either the fixation task (F (5,36) ϭ 0.98; p ϭ 0.44) or the saccade task (F (5,36) ϭ 0.43; p ϭ 0.82). To simplify the analyses, we collapsed set size and plotted the data according to TMS time intervals. These bar graphs are informative in that they show the change in percentage correct for each TMS condition relative to baseline condition and relative to the different TMS time intervals. Here, we compare the mean change-correct among the different TMS intervals within each condition.
The largest mean change-correct was associated with the right parietal TMS (Fig. 5A) . We compared the mean change-correct of the TMS time intervals in each task. In the fixation task, we found the mean change-correct showed a significant differences among the TMS time intervals (F (2,21) ϭ 4.31; p ϭ 0.02). Post hoc tests show a decline in accuracy for 100 ms (t (14) ϭ 2.12; p ϭ 0.05) and 200 ms (t (14) ϭ 2.73; p ϭ 0.01) intervals compared with 300 ms, but no difference between 100 and 200 ms intervals (t (14) ϭ Ϫ1.16; p ϭ 0.26). The mean change-correct among the different TMS time intervals in the saccade task were also found significant (F (2,21) ϭ 3.57; p ϭ 0.04). Post hoc tests show a significant difference only between 100 and 200 ms (t (14) ϭ Ϫ2.48; p ϭ 0.02). No differences were found between 200 and 300 ms (t (14) ϭ 1.28; p ϭ 0.22) or between 100 and 300 ms (t (14) ϭ Ϫ1.48; p ϭ 0.16). To see which task was most affected by TMS, we compared mean change-correct between the fixation and saccade tasks at each TMS time interval. No difference of mean change-correct between the two tasks was found at the 100 ms TMS time interval (t (14) ϭ 1.53; p ϭ 0.15). However, the mean change-correct was larger in the saccade task during 200 and 300 ms TMS time intervals (t (14) ϭ 2.33, p ϭ 0.03 and t (14) ϭ 3.54, p Ͻ 0.01, respectively). That is, the TMS-induced effect, the deficit in accuracy compared with baseline No TMS, was significantly largest in the saccade task compared with the fixation task when stimulation was delivered at the 200 and 300 ms TMS time intervals. These results are consistent with the data curves in Figure 4 B. Figure 5 , B and C, shows the mean change-correct for two control conditions, right M1 TMS and right sham, respectively. No differences were found among the TMS intervals in the right M1 TMS condition for both the fixation task (F (2,21) ϭ 1.05; p ϭ 0.37) and the saccade task (F (2,21) ϭ 0.85; p ϭ 0.44). The same was true for the right sham condition (fixation task, F (2,21) ϭ 0.24, p ϭ 0.79; saccade task, F (2,21) ϭ 1.65, p ϭ 0.22). In summary, these mean change-correct results confirm our goodness-of-fit analyses. That is, TMS was only disruptive when delivered to the right parietal cortex, and this TMS-induced effect was largest in the saccade task. Subjects were less accurate in the fixation task during right parietal TMS, particularly at the 200 ms TMS interval.
Estimating the memory capacity of baseline and right parietal performance
The previous analysis shows that TMS over the right parietal eye field had a significant effect in some conditions (particularly at the 200 ms time interval), but does not reveal the underlying mechanism. To understand the possibilities, it is necessary to think about the task. To solve our fixation task, subjects had to remember the location of one to eight objects and their orientation. To solve the saccade task, they also had to account for an eye movement during the memory interval to calculate the spatial location of the original targets relative to the new retinal image. However, when only one initial object was presented, spatial information and the saccade should not matter because the subject only had to remember object orientation to solve the task. Therefore, we used our model to fit two parameters to the 200 ms interval TMS data: (1) a baseline reduction for one target (which should be similar in both tasks), and (2) the numerical memory capacity, which should be more sensitive in the saccade task if the parietal eye fields are important for transsaccadic memory.
We have already considered the effect of TMS on one remembered target above. Performance reduction was not reduced in the 100 and 300 ms TMS intervals, and was not significantly reduced at the 200 ms interval of the fixation task (in contrast to the uniform reductions seen in the saccade task). However, if we compare between the 200 ms TMS data, the mean performance reduction (TMS minus control) for one object was nearly identical for the fixation task (Ϫ10%) and the saccade task (Ϫ9%), and was not significantly different across subjects ( p ϭ 0.18). This could signify a general or feature-based effect that was independent of location and number.
To estimate memory capacity for a higher number of objects, we used a statistical model that was slightly modified from that used in our previous study (Prime et al., 2007b) . This model assumed that the items retained across the saccade are a random subset of the target display and that there are no nonlinear interactions between the items. The parameters were the expected proportion of correct responses (z), the obtained proportion of correct responses when the set size of target display is one item (a), capacity of transsaccadic memory ( y), and number of items presented in the target display (x). This is expressed as
As shown in Figure 6 A, where a has been set to 0.8, our model predicts different theoretical curves for each potential memory capacity ( y), plotted in the same way as Figure 4 . These curves are characterized by a plateau in performance at a up until the memory capacity is reached, followed by a nonlinear drop-off in performance. To quantitatively compare these curves to the data in our current study, we used the actual a values obtained from each subject (i.e., the % correct for one object ϫ 0.01). We then calculated the mean squared residual (MSR) errors for each subject between their actual data and the curves of the predictive model at every specific set size. The bar graphs in Figure 6 , B and C, show the average MSR errors for the fixation task and saccade task, respectively. MSR errors for the No TMS condition are shown in the top panels, and MSR errors for the 200 ms right parietal TMS condition are shown in the bottom panels. Lower bars signify a better fit. The No TMS condition in the fixation task (Fig. 6 B, top) best fits the model predicting a capacity of three items. Similarly, the No TMS condition in the saccade task appeared to have a capacity of three items (Fig. 6C, top) . A Mann-Whitney test comparing the MSR errors distributions between these two tasks yielded no statistical difference ( p ϭ 0.85). In general, these results replicate our previous findings and are consistent with several studies showing that transsaccadic memory and visual working memory have the same capacity of at least three objects (Irwin, 1992; Irwin and Andrews, 1996; Luck and Vogel, 1997; Irwin and Gordon, 1998; Vogel et al., 2001; Prime et al., 2007b) .
In the 200 ms right parietal TMS condition (Fig. 6, bottom) , object memory capacity appeared to be reduced. Specifically, the estimated memory capacity in the fixation task declined to two items (Fig. 6 B, bottom) . The Mann-Whitney test did not yield a significant difference when we compared these MSR errors of the 200 ms right parietal TMS condition to those of the baseline No TMS condition in the fixation task ( p ϭ 0.34). In the saccade task, MSR errors were generally higher, probably signifying noisier data. Moreover, the 200 ms right parietal TMS fit best to the predictive curve for a memory capacity of only one item. A Mann-Whitney comparison between MSR errors of the 200 ms TMS condition and baseline No TMS in the saccade task was found significant ( p Ͻ 0.01). In summary, both tasks showed similar reductions in performance for one object at the 200 ms TMS interval, and both showed a reduction in the numerical capacity of object memory, but our statistical model suggests that the saccade task showed a more complete reduction down to only one object.
Effects of TMS on saccade metrics and latency
To ensure that the saccade task results were not simply caused by TMS disrupting saccade metrics, we compared the accuracy and latency of saccades of the left and right parietal TMS conditions with those of the baseline No TMS condition. Some studies have shown evidence that TMS stimulation of the parietal cortex can affect saccade amplitude and latency (Müri et al., 1996; van Donkelaar and Müri, 2002) , although these findings remain controversial (Wessel and Kömpf, 1991; Ryan et al., 2006; Chang and Ro, 2007) . Here, we show that the changes in saccade task performance cannot be attributed to changes in saccade metrics. Figure 7A shows an example of saccades from one typical Figure 6 . Estimating memory capacity during right PPC stimulation. A, A simple predictive model where each curve predicts the probability of correct response as a function of set size for different theoretical capacities of transsaccadic memory, indicated by the numbers above each curve. To determine which predictive curve provided the best fit, we computed the MSR errors between each of these curves and both the No TMS data and the 200 ms right parietal TMS data (where we saw the largest effect) from Figure 4B . The arrows shown in the predictive model indicate that the intercept of the predictive curves was adjusted to take into account the different intercepts (i.e., percentage correct obtained at one item set size) of each data curve. B, C, MSR errors for both fixation and saccade tasks, respectively, in the No TMS condition (top panels) and 200 ms right PPC TMS condition (bottom panels). The bar graphs represent the average MSR errors across all subjects after calculating the MSR errors for each subject individually. The least average MSR error indicates the best fit to a theoretical memory capacity according to our predictive model. First, during the No TMS condition, we found the average MSR errors of both the fixation (B, top) and saccade (C, top) tasks show the best fit to our predictive model estimating a memory capacity of three items, replicating our previous findings (Prime et al., 2007b) . During 200 ms right PPC stimulation, where we saw the largest TMS effect, memory capacity in the fixation task (B, bottom) was reduced to two items and reduced to one item in the saccade task (C, bottom).
subject for baseline No TMS and TMS conditions. The subject's presaccadic eye position is shown as the red dots and designated as F1. Green dots represent the scatter of saccade end points (depicted as F2) after executing a 6°saccade to the right from several No TMS trials. Saccade end points for TMS trials of the right parietal cortex are indicated by the blue dots. Saccade end points represent the initial, primary saccade made to the fixation cross. By fitting an ellipse to the saccade scatter, as shown by the green and blue ellipses for each respective condition, we have a measure of the spread of the scatter. Figure 7B shows the ellipses fitted for every saccade direction in both the left and right parietal stimulation conditions against baseline No TMS trials for one typical subject (top panels) and the average across all subjects (bottom panels). For the sake of thoroughness, we show the saccade data from left parietal TMS although TMS had no effect on task accuracy when stimulating the left parietal site. These data clearly show a great deal of overlap between the parietal TMS and baseline No TMS conditions. To show this statistically, we compared the baseline No TMS condition to each parietal TMS condition with respect to mean saccade error, mean ellipse area, and saccade latency. Mean saccade error was calculated as the average distance between the saccade-target (i.e., second fixation cross) and the postsaccadic eye position after the primary saccade (i.e., saccade end-point). No statistical differences of mean saccade error were found between the baseline No TMS condition and both parietal TMS conditions (No TMS vs left parietal TMS, t (14) ϭ Ϫ0.26, p ϭ 0.79; No TMS vs right parietal TMS, t (14) ϭ 0.55, p ϭ 0.60) Similarly, the mean ellipse area of the saccade end-points in the baseline No TMS condition was the same as left and right parietal TMS conditions (t (14) ϭ 0.37, p ϭ 0.71 and t (14) ϭ Ϫ0.78, p ϭ 0.45, respectively). Finally, we found no differences of average saccade latency among the different conditions (No TMS vs left parietal, t (14) ϭ 1.0, p ϭ 0.33; No TMS vs right parietal, t (14) ϭ Ϫ0.51, p ϭ 0.62). Together, these results show that the TMSinduced effect we found in the right parietal TMS condition cannot be attributed to TMS-induced changes to our subjects' saccades, consistent with other TMS studies (Chang and Ro, 2007; Morris et al., 2007) . We concluded that the results that follow were not caused by disruptions of the saccadic eye movements, but instead were caused by disruptions of the putative cognitive processes mediated by stimulating the brain region of interest, i.e., the right parietal cortex.
Discussion
We used single-pulse TMS to determine whether the PPC plays a role in transsaccadic memory of multiple object features. Our main finding was that TMS disrupted performance in both the saccade and fixation tasks, but when only right PPC was stimulated. Performance in the saccade task was more sensitive to right PPC TMS than in the fixation task, but not because it changed our subjects' saccade metrics. The effect was time dependent, being largest when the pulse was delivered 200 ms after the onset of the second fixation cross. Normally, subjects were able to retain approximately three items in both the saccade and fixation tasks, replicating our recent study (Prime et al., 2007b) ; but a single TMS pulse over the right PPC generally reduced this capacity. Together, our results suggest that the right PPC plays a functional role in maintaining visual details in transsaccadic memory.
Only the right PPC stimulation yields TMS effect
It is possible our results were asymmetric because the functional anatomy of parietal cortex is asymmetric, and we simply missed the left "parietal eye field." This seems unlikely to be a complete explanation, given the symmetry of results obtained in the functional MRI studies that we used to aim our pulses (Astafiev et al., 2003; Matsuda et al., 2004) and range of area that TMS is thought to affect (Pascual-Leone et al., 1999) . Moreover, this finding is consistent with the view that the right PPC has a privileged role in a variety of visuospatial tasks (Honda et al., 1998; Karnath et al., 2004; Weidner and Fink, 2007) indicated by the black dot. The mean saccade error was determined by the average distance between the saccade end point and the saccade target. Saccade accuracy was calculated by fitting an ellipse around the saccade end points in both the baseline No TMS and right PPC TMS conditions, shown by the green and blue ellipses. B, Saccade accuracy for all saccade directions across different set sizes both for one typical subject (top panels) and across all subjects (bottom panels). We also included saccade accuracy data in the left PPC TMS condition (left column) along with saccade accuracy in the right PPC TMS condition (right column), shown by the blue ellipses. Saccade accuracy from the No TMS condition is represented by the green ellipses. Presaccadic eye position was normalized for the sake of simplifying the figure. As shown in B,no differences in saccade accuracy were found between the baseline No TMS and TMS conditions. We also found that saccade latency (data not shown) did not significantly differ between baseline No TMS and TMS conditions. We conclude that TMS effects found in our data cannot be attributed to disruptions to subjects' saccadic eye movements.
Previous TMS studies have shown that stimulation applied solely to the right PPC can disrupt spatial remapping (Chang and Ro, 2007; Morris et al., 2007) , visual awareness (Beck et al., 2006; Muggleton et al., 2006) , and spatial working memory (Kessels et al., 2000; Tanaka, 2005) (cf. Oliveri et al., 2001) . However, none of these studies used a transsaccadic memory task. Our finding that TMS over the "dorsal visual stream" disrupts transsaccadic memory of multiple visual features is thus novel, and perhaps surprising because normally it is the "ventral stream" that is associated with visual feature analysis (cf. Valyear et al., 2006) . Greater effect for saccade task than fixation task TMS to the right parietal eye field produced a reduction in visual working memory capacity in our fixation task, but only at the 200 ms interval. Moreover, whenever it had a significant effect, right parietal TMS produced a general deficit (perhaps in feature retention) that affected memory of one object. These results are consistent with previous findings that the posterior parietal cortex is involved in visual working memory (van Asselen et al., 2006; Smith et al., 1995; Todd and Marios, 2004) . However, here, we add to these findings by showing that the disruptive effect of TMS is stronger, over a broader range of timing intervals, when it coincides with a saccade. Our statistical model further suggests that right parietal TMS could reduce visual memory capacity from a normal value of three objects down to two objects in the fixation task, and only one object in the saccade task.
Why would transsaccadic memory be more sensitive to TMS over the human parietal eye fields? Transsaccadic memory is different from visual working memory in that the visual system must also account for the change in eye position. It has been shown previously that it can do this by using an egocentric measure of saccade metrics (Hayhoe et al., 1991; Prime et al., 2006) . This signal could originate anywhere in the saccade network, but our TMS data specifically implicates the human parietal eye fields. TMS apparently injects noise into this neural signal, which could influence object vision directly or indirectly through other parts of the saccade network. This network is apparently more sensitive to eye position noise around the time of a saccade, with or without TMS (Niemeier et al., 2003; Prime et al., 2007a,b) . However, our explanation might also account for the reduced memory capacity that we sometimes observed during fixation. Parietal TMS might also produce eye position noise during fixation, only to a lesser extent because of general inhibition from the fixation system (Munoz and Everling, 2004) . Thus, our data suggest that the parietal eye fields play both a general role in visual working memory, and a more specific role in transsaccadic memory.
TMS effect at the 200 ms time interval
Transaccadic memory may follow a similar "mental chronometry" as working memory (Bledowski et al., 2006) , where activity in different cortical areas reflects different cognitive stages. However, transsaccadic memory involves additional oculomotor signals. Here, the right PPC TMS had the largest effect at 200 ms after the onset of the second fixation cross, which was 350 ms after the offset of our multiple target display. The latter fits with previous findings that spatial memory was most susceptible to TMS disruption when stimulation was delivered 300 ms after the presentation of a memory array (Oliveri et al., 2001) . Alternatively, in the saccade task, this timing could have arisen because saccade-related signals were most sensitive at the time of the saccade, which coincided most closely with this period. This begs the question of why the same stimulation timing had the greatest effect in the fixation task. Because these two tasks were randomly interleaved, it is possible that despite their fixation instruction, subjects engaged in some involuntary saccade planning at approximately the same time, perhaps making the saccade system more susceptible to TMS-induced noise.
TMS effect not attributed to changes in saccade metrics
Our results show that the right PPC TMS effect in the saccade task cannot be attributed to TMS affecting our subjects' saccadic eye movements. Some recent TMS studies of PPC have also induced changes to putative cognitive processes without affecting eye movement (Chang and Ro, 2007; Morris et al., 2007) , but other studies have shown that TMS over the PPC can impair saccades with respect to saccade latency (Kapoula et al., 2001; Yang and Kapoula, 2004) and accuracy (van Donkelaar and Müri, 2002) . The difference among these various studies could be the precise localization of stimulation. Recently, it was suggested that there is no specific parietal site where TMS has an effect on saccade metrics (Wessel and Kömpf, 1991; Ryan et al., 2006) . Areas of the PPC related to visually guided saccades have been shown to vary greatly between subjects (Pierrot-Deseilligny, 1994; PierrotDeseilligny and Müri, 1997) . The difference could also be task related. TMS appears to affect memory-guided saccades (Müri et al., 1996; van Donkelaar and Müri, 2002) , whereas there was no memory delay in the saccade component of our task.
Putative mechanisms for transsaccadic memory
For subjects to perform our transsaccadic memory task with accuracy, information about object features and location must be retained and synthesized with saccade signals somewhere within the visual system. Our new results provide the first direct evidence that this process involves the PPC, at least the right PPC. Previously, the PPC has been implicated in spatial remapping during visuomotor tasks (Duhamel et al., 1992; Medendorp et al., 2003; Merriam et al., 2003) , spatial working memory (Jonides et al., 1993; Todd and Marois, 2004) , attention (Shomstein et al., 2006; Saalmann et al., 2007) , and in numerical coding (Sawamura et al., 2002; Nieder and Miller, 2004; Hubbard et al., 2005) . Any of these processes could play a role in transsaccadic memory in the task used here.
However, we think that the simplest and best explanation of our saccade-specific results, (i.e., the larger TMS effect in the saccade task) is that TMS over human PPC disrupts a saccaderelated efference copy signal that is used for updating the spatial component of transsaccadic memory. Recall that to perform the saccade task accurately, our task for testing transsaccadic memory, information stored in working memory must be remapped according to the saccade's metrics (Hayhoe et al., 1991; Prime et al., 2006) . In particular, we propose this process uses a similar mechanism to spatial remapping of saccade and reach targets in eye-centered coordinates (Duhamel et al., 1992; Medendorp et al., 2003; Merriam et al., 2003) , perhaps even building on the same mechanism. However, in this case the remapping signals are not being used to update motor plans, but instead are being used to update an internal map of visual features.
Where would this perceptual updating occur? Figure 8 shows several different possibilities. One possibility, illustrated in Figure  8 A, is that the PPC itself has a rudimentary feature map (Faillenot et al., 1999; Cornette et al., 2001; Fias et al., 2002) without any interaction between the ventral and dorsal streams of vision. However, this "noninteraction" possibility has been challenged by recent functional brain-imaging studies (Creem and Proffitt, 2001 ; Goodale and Haffenden, 2003; Helbig et al., 2006) . More-over, our results suggest that transsaccadic memory would require the binding of information from the dorsal and ventral visual streams. In which case, it is possible that this interaction occurs through feedforward pathways to areas of frontal cortex implicated in spatial memory (Fig. 8 B) . Indeed, these areas share many of the same brain areas related to spatial remapping (Funaheshi et al., 1989 (Funaheshi et al., , 1993 Goldberg, 1997, 2001; Chafee and Goldman-Rakic, 2000; Takeda and Funahashi, 2002; Fukushima et al., 2004) . However, the dorsal and ventral streams may intercommunicate directly (Webster et al., 1994; Zhong and Rockland, 2003) , as depicted in Figure 8C , but one disadvantage of this is that they do not appear to use a common spatial code. To counter this, Figure 8 D shows our hypothesis that the dorsal and ventral streams may also interact with each other through reentrant pathways to earlier visual areas (Prime et al., 2006) , that would provide a common spatial code, indeed the simple eyecentered visual map required for the sort of perceptual remapping mechanism proposed above. The latter proposal is consistent with evidence of spatial remapping in early visual areas, such as V2 and V3 (Nakamura and Colby, 2002; Merriam et al., 2007) and V5 (Melcher and Morrone, 2003) , and the existence of other re-entrant oculomotor pathways to V4 (Moore et al., 1998) possibly originating from the frontal eye fields (Hamker, 2003; Hamker and Zirnsak, 2006) . However, because transsaccadic memory is intrinsic to essentially all natural visual tasks, likely involving both low-level, bottom-up aspects and higher-level, top-down aspects, it is premature to be more specific; all of the above mechanisms could be involved, depending on the details of the task. 
